Introduction. The objective was to investigate the association between chorionicityspecific intertwin birthweight discordance and adverse outcomes including long-term follow up at 6, 18, and 48-60 months after term via Ages and Stages Questionnaire. Material and methods. In this secondary analysis of a cohort study (Oldenburg et al., n = 1688) and a randomized controlled trial (PREDICT study, n = 1045) twin pairs were divided into three groups according to chorionicity-specific birthweight discordance: <75th percentile, 75th-90th percentile and >90th percentile. Information on infant mortality, admittance to neonatal intensive care units, and gestational age at delivery was available for all pairs. Detailed neonatal outcomes were available for 656 pairs from PREDICT, of which 567 pairs had at least one Ages and Stages Questionnair follow-up. Logistic regression models were used for dichotomous outcomes. Ages and Stages Questionnair scores were compared using the method of generalized estimating equation to account for the correlation within twins. Results. The 75th and 90th percentiles for birthweight discordance were 14.8 and 21.4% for monochorionic and 16.0 and 23.8% for dichorionic twins. After adjustment for small for gestational age and gender, birthweight discordance >75th and >90th percentile was associated with induced delivery <34 weeks [odds ratio 1.71 (95% confidence interval 1.11-2.65) and odds ratio 2.83 (95% confidence interval 1.73-4.64), respectively]. Discordance >75th-percentile was associated with an increased risk of infant mortality after 28 days [odds ratio 4.69 (95% confidence interval 1.07-20.45)] but not with major neonatal complications or with low mean Ages and Stages Questionnair scores at 6, 18, and 48-60 months after
term. Conclusion. Chorionicity-specific intertwin birthweight discordance is a risk factor for induced preterm delivery and infant mortality, but not for lower scores for neurophysiological development at 6, 18, and 48-60 months.
Introduction
The rate of twin gestations is increasing, especially due to the increased number of fertility treatments and higher maternal age (1) . Twin gestation increases the risk of preeclampsia and intrauterine growth restriction, and is associated with increased risk of both spontaneous and induced preterm delivery (2) . Intrauterine growth restriction is often linked to intertwin birthweight discordance (2) . However, intertwin birthweight discordance is also considered to be an independent risk factor for preterm delivery (3) and thus may increase the risk for several neonatal complications, which are known to affect cognitive outcome later in life independently of intrauterine growth restriction (4) . Birthweight discordance has previously been shown to be associated with increased neonatal mortality, admissions to neonatal intensive care units (NICU), oxygen requirements, and five-minute Apgar scores <7 (2, (5) (6) (7) (8) (9) (10) (11) . However, many of the studies examining these associations did not adjust for or stratify by chorionicity. The level of intertwin birthweight discordance has been shown to differ in mono-and dichorionic twins, especially due to twin-to-twin transfusion syndrome (TTTS) in monochorionic twins, which separately increases the risk of neonatal complications (12) .
The aim of this study was to examine the association between chorionicity-specific birthweight discordance and neonatal complications, as well as the association between chorionicity-specific birthweight discordance and neurophysiological development at 6, 18, and 48-60 months after the estimated date of delivery.
Material and methods
This retrospective cohort study is based on data from two previously published twin cohorts (13, 14) . The inclusion period was 1 January 2004 to 31 October 2008 .
The study by Oldenburg et al. (13) included women with a twin pregnancy and a nuchal translucency scan performed in Denmark between 1 January 2004 and 31 December 2006. Data were retrieved from local ASTRAIA databases in the 14 largest hospitals in Denmark, which provide care for more than 75% of the Danish pregnant population (13) . Inclusion criteria were a live diamniotic twin pregnancy at the time of the nuchal translucency scan and an early chorionicity determination. The study was approved by the Danish Data Protection Agency and by the National Board of Health. In this secondary analysis we only included women who were at least 18 years old at the time of the nuchal translucency scan. Available outcomes were gestational age at delivery, infant mortality up to one year of life, and NICU admittances.
The PREDICT study was a randomized controlled trial examining the effect of progesterone treatment for prevention of preterm delivery (14) . Women with diamniotic twin pregnancies were recruited at 18-23 weeks' gestation in Denmark and Austria between 1 June 2006 and 31 October 2008. Women with a live diamniotic twin pregnancy and chorionicity assessed before 16 weeks' gestation were eligible. Exclusion criteria were: age <18 years; known allergy to progesterone; history of hormone associated thromboembolic disorders; rupture of membranes; signs of TTTS; fetal reduction; known major structural/ chromosomal fetal abnormality; known/suspected malignancy in genitals/breasts; known liver disease; women with higher-order multiple pregnancies; women who did not speak and understand Danish or German, as appropriate. All participants gave written informed consent
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Birthweight discordance is a risk factor for induced preterm delivery and infant mortality, but not for lower scores for long-term neurophysiological development. before enrollment. Decliners from the PREDICT study had filled out a questionnaire and, where given consent was available, additional information about these pregnancies was retrieved from patient files. The Danish Data Protection Agency, the Danish and Austrian Medicines Agencies, the Danish Scientific Ethical Committee and the Ethical Committee of the Medical University of Vienna approved the study. Details of the randomized trial have been described elsewhere (14) . Data from the PREDICT study in this current sub-analysis included both randomized women and women who declined to be randomized. Available outcomes were gestational age at delivery, infant mortality up to 18 months of life, NICU admittance, details on neonatal complications as well as Ages and Stages Questionnaire (ASQ) scores. The Danish Data Protection Agency approved the additional follow up at 48-60 months (2010-41-5175).
A total of 508 pregnancies were excluded from the initial study cohort of 3241 diamniotic twin pregnant women aged 18 years or older (Figure 1 ). We excluded pregnancies with miscarriage at <22 weeks or intrauterine death at any gestational age (n = 26), pregnancies with signs of TTTS after the initial inclusion (n = 7), and twin pairs with less than two available birthweights (n = 131). A total of 205 women from the Oldenburg et al. (13) cohort also participated in the PREDICT study, and 139
PREDICT; Prevention of Preterm Delivery in Twin Gestations, TTTS; twin-to-twin transfusion syndrome * ASQ score available for both twins at either 6, 18, or 48-60 months decliners from the PREDICT study had not given written consent to data collection. Chorionicity was assigned by standard ultrasonographic criteria based on the presence or absence of the lambda sign and/or two separate placentae. Gestational age at delivery was based on crown-rump length of the largest fetus at the nuchal translucency scan. Birthweight discordance was calculated by using the formula (larger twin weight À smaller twin weight)/larger twin weight 9 100 (7). The twin pairs were grouped according to their chorionicity-specific discordance level: below the 75th percentile, between the 75th and 90th percentile and above the 90th percentile. Twins were classified as small for gestational age (SGA) using Marsal's formula (15) .
The outcomes of this study were: (i) gestational age at delivery, infant mortality, and NICU admittance; (ii) neonatal complications; (iii) the neurophysiological development in birthweight discordant twins at 6, 18, and 48-60 months after the estimated date of delivery (EDD).
Baseline characteristics included maternal age, conception method, parity, body mass index (BMI), and smoking at inclusion. Information regarding gestational diabetes and hypertension was only available for pregnancies from the PREDICT study, and detailed information on neonatal complications was only available for the randomized group in the PREDICT study. A neonatal compound outcome called IVH/ROP/NEC consisting of intraventricular hemorrhage (IVH), retinopathy of prematurity (ROP), and necrotizing enterocolitis (NEC) as well as a maternal, vascular compound outcome consisting of hypertension, preeclampsia, and HELLP was made due to few cases. Neurophysiological development of the children was assessed at 6, 18, and 48-60 months after the EDD using the Ages and Stages Questionnaire (ASQ) 2nd edition. The ASQ is a validated, parent-administered questionnaire that includes questions in five areas of child development: gross motor, fine motor, communication, problem solving and personal-social skills (16) . The scores for all areas were summed to give a total score for each child.
We used STATA version 12 for the statistical analysis. We examined risk of infant mortality and admittance to NICU according to different cut-off points for birthweight discordance, and further used chorionicity-specific percentile groups for birthweight discordance, i.e. below the 75th percentile, between the 75th and 90th percentile and above the 90th percentile. Binary outcomes were analyzed by logistic regression models. For analyses of risk of neonatal complications, logistic regression models were adjusted for gestational age at delivery and gender combination. For comparison of ASQ scores according to chorionicity-specific birthweight discordance group and SGA, we performed analyses on the individual twin level and used a generalized estimating equation to account for the correlation within twin pairs. These models were adjusted for time between EDD and the date on which the questionnaire was completed by the parents. Finally, since the presence of infants born preterm could potentially mask an association between chorionicity-specific birthweight discordance and risk of neonatal complications, we repeated analyses considering only twins born ≥34 weeks' gestation. Due to the low number of cases, these analyses were not adjusted for multivariables.
Results
A total of 2733 twin pairs were included in the present study, 1688 from Oldenburg's study and 1045 from the PREDICT study (658 participating mothers and 387 decliners). From the 658 participating mothers, 567 (86.2%) twin pairs had at least one ASQ follow up. Table S1 shows the maternal characteristics in the total population, in the 1045 women from the PREDICT study, and in the 567 women with an available ASQ score for the twins, which were similar with regard to chorionicity, maternal age, parity, BMI and smoking at inclusion.
Mean birthweight discordance was 10.4% in monochorionic and 11.3% in dichorionic twin pairs. Figures 2  and 3 show risk of infant mortality and of NICU admittance according to 10 and 20 percentile groups, respectively, for birthweight discordance in the total cohort of 2733 twin pairs. Risk of these outcomes increased with birthweight discordance approximately above the 75th percentile with an even further increase with discordance approximately above the 90th percentile. The 75th and 90th percentile for birthweight discordance levels were <50th -60th -70th -80th -90th >90th
Birthweight discordance (percentiles) Proportion (%) Figure 2 . Proportion of at least one death in a twin pair according to birthweight discordance percentile groups among 2733 liveborn twin pairs. (Table S2) . The association between maternal characteristics and chorionicity-specific birthweight discordance and one twin being SGA are shown in Table S3 . Multiparous mothers had a decreased risk of having discordant twins and one of the twins being SGA compared with nulliparous mothers. Women with BMI > 35 kg/m 2 had a decreased risk for discordance >75th percentile and one twin being SGA. Women with BMI < 18.5 kg/m 2 , respectively] in unadjusted analyses, but after adjusting for gestational age and gender, the ORs attenuated and were no longer significant. However, all ORs, except OR for sepsis, remained at above 1.
Unadjusted sub-analyses of the association between chorionicity-specific birthweight discordance and risk of neonatal complication in twins born ≥34 weeks' gestation are shown in Table S4 . In this group, mortality within the first 28 days of life was increased in twin pairs with birthweight discordance >90th percentile [OR 10.70 (95% CI 2.14-53.35)]. The discordant twins were still more likely to be admitted to the NICU for more than a week [OR 2.31 (95% CI 1.86-2.88) for discordance >75th percentile and OR 2.19 (95% CI 2.36-4.31) for discordance >90th percentile]. The risk of any neonatal complication in at least one twin was increased for discordance >90% percentile [OR 2.12 (95% CI 1.07-4.19)], and the risk of CPAP treatment for more than 24 h was increased for discordance >75th percentile [OR 1.81 (95% CI 1.04-3.13)]. We listed the association between mortality and categories for SGA in the three chorionicity-specific birthweight discordance groups in twins born ≥34 weeks' gestation ( Table S5 ) and found that mortality within 28 days of life in twin pairs with birthweight discordance >90th percentile occurred in twins where one twin was SGA. 
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Birthweight discordance (percentiles) Figure 3 . Proportion of at least one twin admitted to the neonatal intensive care unit (NICU) in a pair according to birthweight discordance percentile groups among 2733 twin pairs. Table 2 shows the association between chorionicityspecific birthweight discordance and ASQ scores at 6, 18, and 48-60 months after the EDD. Mean ASQ scores were similar in the three discordance groups at 6, 18, and 48-60 months after EDD. SGA was associated with a significantly lower ASQ score at 6 months [À5.7 (95% CI À10.2 to À1.2). A sub-analysis including only twin born ≥34 weeks' gestation showed similar results (Table S6) .
Finally, we examined differences between the smaller and larger twin in twin pairs with a discordance level higher than 16% (Table S7 ). The cut-off of 16% was the same as the 75th percentile for dichorionic twins. There were no differences in outcome between the smaller and the larger twin. Mean ASQ score at 6 months after the EDD was lower in the smaller twin than in the larger twin (212.9 vs. 222.3) but the difference did not reach statistical significance (p = 0.05).
Discussion
In this study we examined the potential association between chorionicity-specific birthweight discordance and maternal and pregnancy characteristics, neonatal complications as well as the neurophysiological development at 6, 18, and 48-60 months after the EDD in a large population of diamniotic twin pairs. The most important and novel finding in this large twin cohort is that our data did not indicate long-term neurophysiological disadvantages of being born in a discordant twin pair per se, although our results showed increased risk of neonatal complications and infant mortality. This information could be used in the counseling of parents with birthweight-discordant twins. Few studies have examined long-term neurophysiological outcome in discordant twins, and sample sizes in these studies were small and populations limited to twins born before 34 weeks' gestation (17, 18) . One study found lower verbal performance and overall intelligence quotient in the smaller twin of a discordant pair (18) . Our results did not support these findings, either of a lower overall score in discordant twins or in the matter of intertwin differences, i.e. smaller vs. larger twin. In the present study, we found an indication of a poorer neurophysiological development in SGA twins. These results are supported by a meta-analysis of SGA singletons using a range of different assessment tools for neurophysiological development (19) and by a large register-based study of more than 120 000 liveborn Danish children (20) showing that risk of failing to complete basic school was increased in those born SGA.
Our results on increased risk of preterm deliveries, NICU admittance, and infant mortality with increasing birthweight discordance are supported by previous studies (3, 5, 10) . We could not replicate findings regarding the increased risk of severe neonatal complications such as IVH, ROP, or NEC found in numerous studies (2, 3, (5) (6) (7) (8) (9) (10) 21) . Nonetheless, our results did indicate a risk of neonatal complications, none of which was significant after adjustment for gestational age at delivery and gender, despite most odds ratios remaining above 1. Unadjusted sub-analyses excluding the twins born preterm showed similar results but with higher ORs for mortality. Unfortunately, we were not able to adjust these ORs due to a small number of cases. Most of the abovementioned previous studies did not adjust for chorionicity, whereas we used chorionicity-specific birthweight percentile groups. Amaru et al. also did not find any correlation between major neonatal complications and birthweight discordance and argue that it is difficult to justify preterm induction solely on the indication of discordant birthweight (5). Harper et al. differentiated between SGA and appropriate for gestational age (AGA) in their analysis and did not find any complications linked to discordant AGA twins, suggesting that growth discordance in those pregnancies reflects a difference in growth potential rather than placental pathology (22) .
There are several hypotheses for the underlying mechanisms of discordance in multiple pregnancies (23) (24) (25) (26) (27) . In monochorionic twins the mechanisms are thought to be TTTS or unequal placental sharing (27) . Two studies have shown an association between dichorionic twins with discordant birthweight and abnormalities of placental histology, and an association between discordant monochorionic twins and non-central placental cord insertion (23, 24) . Our findings with regard to the correlation between birthweight discordance and maternal vascular diseases as well as maternal smoking seem plausible, as these are well known to induce changes on a cellular basis in the placenta (28, 29) . Unfortunately, placental pathology was not available for our two twin cohorts. Pregnancies with TTTS were excluded from our study, which may explain why the 75th and 90th percentiles for birthweight discordance were very similar in monochorionic and dichorionic twin pairs.
We found an increased risk of NICU admittance for discordant twins, even after adjusting for chorionicity and gestational age at delivery, and the risk remained increased after exclusion of twins born preterm. This could be Table 2 . Association between chorionicity-specific birthweight discordance, small for gestational age (SGA), and Ages and Stages Questionnaire (ASQ) scores at 6, 18, and 48-60 months in 1134 twins. The correlation within twin pairs was accounted for using the generalized estimating equation. Models were adjusted for time between estimated date of delivery and the date on which the questionnaire was completed by the parents. explained by clinicians' knowledge of previous reports, which may thus have led to closer surveillance of birthweight-discordant twins (5). Also, since previous studies have shown that birthweight discordance is associated with increased risk of SGA and neonatal mortality, the increased risk of induced delivery before 34 weeks is likely to explain the increased risk of NICU admittance and neonatal mortality (2, 3, (6) (7) (8) 11, 30, 31) . However, despite the increased rate of NICU admittance, the long-term follow up suggests that birthweight discordance, in particular in the absence of SGA in one of the twins, may not be a risk factor for poorer neurophysiological development.
Strengths of the present study include the large sample size as well as the follow-up assessments at 6, 18, and 48-60 months after the EDD. The analyses were adjusted for chorionicity, and we excluded twins with known TTTS. We used the validated, parent-administered ASQ, which has become a widely accepted tool to quantify the neurophysiological development in children at different ages (16) . We sent out the ASQs according to the EDD, which provided an adjustment for gestational age at delivery and allowed for catch-up growth in the twins born preterm. The study also has some limitations. We did not have full outcome data on all the included pregnancies and twins, and data on neonatal complications as well as ASQ scores for a larger population would have provided greater power. However, among the 658 participating mothers to whom the ASQ was sent, 567 (86.2%) twin pairs had at least one ASQ follow up. Although our sample size is small for this outcome, there was very little difference in mean ASQ scores between discordant and non-discordant twin pairs and this is not likely to be clinically relevant. We used Marsal's formula to calculate SGA, which is based on singleton pregnancies. We may therefore have overestimated the number of SGA twins in our population. To date, an alternative model for multiple gestations has not been established, and Marsal is the standard formula used in Denmark. It can also be argued that SGA may not represent intrauterine growth restriction but rather reflects different growth potentials (32). Unfortunately, detailed information on ultrasound measures during pregnancy was not available. We excluded cases with intrauterine death because in most of these cases, death of one twin occurred at least one week before delivery of both twins. It would therefore not be possible to calculate a reliable birthweight discordance for twin pairs with one intrauterine dead twin. One may argue that the subjects with adverse neonatal outcomes may differ from the rest of the population, and that this would bias our results. However, when comparing the populations we found no differences in the baseline characteristics of the mothers. To achieve a larger sample size, the present study included two different cohorts, the most significant difference being the time of inclusion and the data collection method. The PREDICT trial was a randomized trial of the use of vaginal progesterone to prevent preterm birth in twin pregnancies. The PREDICT study as well as other studies have found that progesterone does not prolong gestation in twin pregnancies. It is therefore unlikely that gestational age at delivery among women enrolled in the PREDICT study would be a potential confounder. We did not study mode of delivery in relation to birthweight discordance and smaller vs. larger twin, since this information was not available in sufficient detail for the cohort. In the future, it would be interesting to carry out a much larger follow up on twins including an even longer follow-up time as well as information on mode of delivery for both twins in a pair.
In conclusion, more intensive fetal monitoring is recommended if there is a birthweight discordance of >15% (corresponding to the 75th percentile regardless of chorionicity), due to increased risk of neonatal complications and infant mortality. However, parents could be advised that risk of long-term neurophysiological disadvantages of being born in a discordant twin pair seems low compared with the risk in non-discordant twin pairs.
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